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Summary
Background: Magnetic resonance imaging (MRI) is one of the most potential methods for non-invasive diagnosis of cartilage disorders.
Several methods have been established for clinical use; T1 relaxation time imaging with negatively charged contrast agent (delayed gadoli-
nium enhanced MRI of cartilage, dGEMRIC) has been shown to be sensitive to proteoglycan (PG) content while T2 relaxation time has been
demonstrated to express properties of the collagen ﬁbril network. The use of native T1 relaxation time has received less attention.
Objective: In the present study, magnetic resonance (MR) parameters of different types of patellar cartilage were studied with respect to the
mechanical properties of the tissue. The general usefulness of the parameters to predict mechanical properties was investigated using car-
tilage from different species and stages of maturation.
Methods: dGEMRIC, T2 and native T1 relaxation times of healthy mature human, juvenile porcine and juvenile bovine articular cartilage sam-
ples were measured at 9.4 T at 25C. Mechanical properties (Young’s modulus and dynamic modulus) of the samples were measured in un-
conﬁned compression using a material testing device. The relationships between MRI and mechanical parameters and potential differences
between different types of tissues were tested statistically.
Results: Signiﬁcant, but varying relationships were established between T1 or T2 relaxation time and mechanical properties, depending on
tissue type. The values of mechanical parameters were in line with the results previously reported in the literature. Unexpectedly, dGEMRIC
showed no statistically signiﬁcant association with the mechanical properties. Variation in the assumption of native T1 value did not induce
signiﬁcant differences in the calculated contrast agent concentration, and consequently did not affect prediction of mechanical properties.
Conclusion: For patellae, a complex variation in the relationships between T2 and mechanical properties in different groups was revealed. The
results support the conclusion that juvenile animal tissue, exhibiting a highly complex collagenous architecture, may not always serve as a re-
alistic model for mature human tissue with a typical three-zone network organization, and other than bulk metrics are required for the analysis
of cartilage T2. As the multilayered collagen network can strongly control the mechanical characteristics of juvenile tissue, it may mask the
mechanical role of PGs and explain why dGEMRIC could not predict mechanical parameters in patellar cartilage.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is a tissue mainly composed of collagen,
proteoglycans (PGs) and interstitial water. All constituents,
and their complex interactions, play an essential role in
the mechanical properties of cartilage1. Degradation of the
macromolecular constituents signiﬁcantly affects the
mechanical integrity of the tissue2. A high PG content is
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Received 27 October 2006; revision accepted 27 March 2007.114essential for proper mechanical function of the cartilage
and joints, while reduced PG content is reﬂected as
a poor mechanical response1,2. A quantitative, non-invasive
technique for reliable assessment of the cartilage PG con-
tent would therefore be of great value in the diagnostics
of tissue integrity as well as monitoring healing of tissue
after repair in the clinical setting. While PG content may
be replenished from atrophy, damage to the collagen net-
work is considered a point of no return3,4. Changes in the
collagen ﬁbril network of articular cartilage may thereby in-
dicate a more serious functional disorder, and a quantitative
means for assessment of collagen ﬁbril network is of at
least equal importance.1
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charged contrast agent gadolinium-diethylenetriamine pen-
taacetic acid (Gd-DTPA2) is sensitive to the PG content of
cartilage5e10. This technique is already well established and
is known as the ‘‘delayed gadolinium enhanced magnetic
resonance imaging (MRI) of cartilage’’ (dGEMRIC) tech-
nique. The technique is based on utilization of the negative
charge of the contrast agent. Glycosaminoglycan molecules
of the PGs are negatively charged and confer a ﬁxed neg-
ative charge in the tissue; this ﬁxed charge density (FCD)
forces the negatively charged contrast agent to distribute
into cartilage in inverse proportion to the PG content. Con-
sequently, the changes in T1 relaxation time are propor-
tional to the FCD (or PG content)7,9.
While dGEMRIC is shown to be speciﬁc to the PG
content of articular cartilage, T2 relaxation time in articular
cartilage is sensitive to collagen concentration11, ﬁbril orien-
tation12, ﬁbril organization13 and also to changes in tissue
water content14. Through the connection to the collagen
ﬁbril network, T2 relaxation time is also related to the dy-
namic stiffness of articular cartilage6. Some recent studies
however, have also related T2 to the PG content
15. Further-
more, it has been typically believed that T2 increases with
degeneration, but it was recently suggested that also a de-
crease in T2 might be observed in degeneration
16.
The role of native T1 relaxation time is somewhat unclear;
it has been reported to correlate with the mechanical proper-
ties of articular cartilage6,8 and to change with progressive
damage17,18. One typical application for T1 quantiﬁcation
has been in supplementing dGEMRIC measurement5,8,19,
in calculation of the concentration of contrast agent. In the
dGEMRIC experiment, native T1 is frequently assumed to
be constant; for reliable estimation of PG content, however,
it may be necessary to determine T1
19. Maturation related
changes in T1 relaxation time have not been systematically
evaluated.
For research purposes, animal tissues are often selected
as models for human cartilage. This practice, as convenient
as it is in terms of ethics and practicality, may not always
provide correct information on processes that may take
place in human tissue20. Thus, measurements of differ-
ences between commonly used animal model tissues and
human tissue may provide valuable insight.
The aims of the present study were to investigate the in-
terrelation of dGEMRIC, T2 and T1 parameters with the bio-
mechanical properties of different cartilage tissues, as well
as to study the potentially underlying differences in these
MRI parameters in intact adult human, juvenile bovine
and juvenile porcine patellar cartilage. To establish the use-
fulness of the parameters with reference to structurally and
compositionally differing cartilage tissues, the MRI parame-
ters were correlated with the mechanical properties. Fur-
thermore, the effect of variation of T1 in the calculation of
Gd-DTPA2 concentration was evaluated by assuming
different values for native T1.
Methods
SAMPLE PREPARATION
Non-arthritic knee joints of human cadavers (n¼ 12,
age¼ 24e78 years) were obtained within 48 h postmortem
at the Jyva¨skyla¨ Central Hospital (Jyva¨skyla¨, Finland) with
permission from the national authority (National Authority for
Medicolegal Affairs, Helsinki, Finland: permission 1781/
32/200/01). Intact and visually normal bovine (n¼ 12,age¼ 1e3 years) and porcine knee joints (n¼ 11, age
about 4 months) were obtained from the local abattoir (Atria
Oyj, Kuopio, Finland). All samples were prepared by drilling
an osteochondral plug of 16-mm diameter from the latero-
proximal patella. The blocks were immersed in phos-
phate-buffered saline (PBS) containing enzyme inhibitors
(5 mM ethylenediaminetetraacetic acid (EDTA) (Riedel-
de-Haen, Seelze, Germany) and 5 mM benzamide HCl
(Sigma Chemical Co., St. Louis, MO, USA)) and frozen at
20C. Prior to the measurements, samples were thawed
and a full-thickness cartilage sample (dia.¼ 4 mm) without
subchondral bone was detached for mechanical testing.
After immediate mechanical testing, the disk was stored in
freezer (20C) until thawed prior to MRI measurements.
MRI MEASUREMENTS
For MRI measurements, the samples were sealed in
a test tube (dia.¼ 5 mm) ﬁlled with PBS. The test tube
was then positioned inside a high-resolution transmit/
receive probe (dia.¼ 5 mm, coil lengthw12 mm, Varian As-
sociates Inc., Palo Alto, CA, USA), producing a homoge-
neous B1 ﬁeld. The samples were located axially in the
center of the coil, sample surfaces perpendicular to the B0
ﬁeld to control for the magic angle effect. The measure-
ments were conducted using a 9.4 T Oxford 400 NMR ver-
tical magnet (Oxford Instruments Plc., Witney, UK), a SMIS
console (SMIS Ltd., Surrey, UK) and 100 G/cm imaging gra-
dients (45-mm bore) at room temperature (25C). T2 relax-
ation time of the samples was ﬁrst measured in PBS, using
a single spin echo sequence (Repeat time (TR)¼ 2500 ms,
Echo time (TE)¼ 14, 24, 34, 44, 64 and 84 ms). A satura-
tion recovery sequence was subsequently used to measure
T1 relaxation time in PBS (T1,0) (TE¼ 14 ms, six TRs¼ 200,
500, 1000, 1500, 3000 and 5000 ms); and after equilibrating
for 2.5 h in 1 mM contrast agent solution (Gd-DTPA2)5, T1
relaxation time was mapped again (dGEMRIC or T1Gd)
(TE¼ 14 ms, six TRs¼ 100, 300, 500, 800, 1200 and
1500 ms). The in-plane resolution was 39 mm with 1-mm
slice thickness, 10-mm-ﬁeld-of-view and 256 64 imaging
matrix. Maps of relaxation time were calculated using
mono-exponential ﬁtting for both T1 and T2 (MatLab 6.5.1,
MathWorks Inc., Natick, MA, USA), and depth-wise relaxa-
tion time proﬁles were determined by averaging 3-pixel-
wide columns across the cartilage depth. Bulk values of
relaxation times were calculated as the mean value of the
proﬁles.
For calculation of Gd-DTPA2 concentration ([Gd-
DTPA2]¼ 1/R(1/T1,Gd 1/T1,0)), four different assump-
tions were made on the native T1 relaxation time: (1) full
spatial depth-wise T1 relaxation time; (2) mean T1 relaxation
time for each sample (mean over the sample-wise spatial T1
relaxation times); (3) mean T1 relaxation time for each spe-
cies (mean over the previous averages) and ﬁnally (4) over-
all mean T1 relaxation time value calculated from all
sample-wise average values. For T1 relaxivity R, a value
of 3.12 m1 s1 was used. The value was determined as
presented earlier21.
MECHANICAL TESTING
The mechanical properties of the samples were mea-
sured in unconﬁned compression geometry. First, the
equilibrium response (Young’s modulus, Eeq) was mea-
sured using the stresserelaxation method (10% prestrain
followed by 10% strain induced with 2 mm/s ramp rate
1143Osteoarthritis and Cartilage Vol. 15, No. 10and succeeded by 40 min of relaxation). After the relaxation
period, the dynamic response (dynamic modulus, Edyn) was
measured using a sinusoidal (1 Hz) loading experiment (1%
peak-to-peak strain amplitude)22. The mechanical proper-
ties were tested with a custom-built device equipped with
a load cell (5 mN resolution, Sensotec, Columbus, OH,
USA) and a precision actuator (0.1 mm resolution, Newport,
Irvine, CA, USA)22.
STATISTICAL ANALYSES
To investigate the relationships between bulk relaxation
time values and mechanical parameters, linear Pearson
correlation coefﬁcients were calculated. For statistical com-
parison between species in measured parameters (T1Gd,
T2, T1, Eeq and Edyn), KruskaleWallis post hoc test was ap-
plied. The same test was also applied for the comparison of
different methods when calculating the concentration of the
contrast agent.
Results
Spatial maps of T1 relaxation time showed a decreasing
trend from the surface to deep cartilage. T1 relaxation
time with Gd-DTPA2 or T1Gd (dGEMRIC), showed depth-
wise variation, reﬂecting a higher PG content in the deep
cartilage. Maps of T2 relaxation time showed structural dif-
ferences in cartilage between different species (Fig. 1). Af-
ter averaging normalized depth-wise relaxation time proﬁles
within species, a typical tri-laminar T2 appearance was seen
Fig. 1. Representative T2, T1 and T1Gd maps for all species, human
(a), bovine (b) and porcine (c). All images are in the same scale, the
scale bar is 1 mm. Color bar gives the millisecond-scale for T1, T1Gd
and T2 parameters.in human samples, and one to two additional laminae of el-
evated T2 values in bovine and porcine specimens
[Fig. 2(a)]. Group mean dGEMRIC proﬁles for human and
bovine samples exhibited similar depth-wise relaxation
changes, while porcine samples showed different behavior
in the deep tissue, expressing a lower dGEMRIC index (in-
terpreted as a lower PG content) starting at about 1/3 of the
tissue depth [Fig. 2(b)]. Furthermore, the T1 relaxation time
proﬁle for porcine samples exhibited a different shape as
compared to proﬁles from human or bovine cartilage, with
a more rapid decrease in the relaxation time toward the
deep tissue [Fig. 2(c)].
(a)
(b)
(c)
Fig. 2. Group mean proﬁles for T2 (a), T1Gd (b) and T1 (c) for human
(*), bovine (,) and porcine (B) samples, respectively. For all
ﬁgures, the depth is normalized from articular surface to the
subchondral bone.
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samples to bovine samples to porcine samples, with a statis-
tically signiﬁcant difference in mean T2 values between
human and porcine samples (P< 0.01) (Table I). In contrast
to T2, overall T1 and dGEMRIC values showed a trend to-
wards smaller values from human to bovine and further to
porcine samples; however, none of the differences between
groups were statistically signiﬁcant (Table I).
Equilibrium modulus (Young’s modulus) ranged from
0.19 to 0.96 MPa in human samples, from 0.32 to
0.97 MPa in bovine samples and from 0.35 to 1.16 MPa in
porcine samples. Young’s modulus was signiﬁcantly differ-
ent between human and porcine samples (P< 0.05)
(Table I). Dynamic modulus ranged from 0.85 to 8.42 MPa
in human samples, from 1.91 to 25.06 MPa in bovine sam-
ples and from 4.79 to 22.87 MPa in porcine samples. Sim-
ilar to the equilibrium response, dynamic stiffness showed
a trend towards increasing values from human specimens
to bovine specimens to porcine specimens, with a statisti-
cally signiﬁcant difference between human and porcine
samples (P< 0.01) (Table I).
A signiﬁcant negative linear correlation was observed be-
tween equilibrium stiffness and T1 or T2 relaxation time in hu-
man samples, while no signiﬁcant correlation was detected
between dynamic stiffness and any of the MR parameters
(Table II). In contrast, a signiﬁcant positive linear correlation
between T2 and dynamic stiffness in bovine samples and
a negative linear correlation between T1 and dynamic stiff-
ness were observed in porcine samples (Table II). For all
samples combined, the plots with signiﬁcant correlations
(for T1 vs Eeq and T2 vs Edyn) are shown in Fig. 3.
The bulk value of Gd-DTPA2 concentration was calcu-
lated for each sample using four different assumptions
about the native T1 relaxation time, i.e., (i) spatially
measured T1 values for each sample (Gd-DTPA
2 concen-
tration calculated spatially, then averaged over depth), (ii)
mean T1 value for each sample, (iii) mean T1 value for
each species and, ﬁnally, (iv) single overall mean T1 value
for all cartilage samples (Fig. 4). Regardless of the method,
the correlation coefﬁcients between concentration and ei-
ther of the mechanical parameters did not statistically signif-
icantly differ from each other in any species. Method (i)
yielded highest, though non-signiﬁcant correlations be-
tween the parameters (Table II). In any of the species no
signiﬁcant differences in bulk Gd-DTPA2 concentrations
were found between calculation methods. The highest sin-
gle difference in bulk concentration of Gd-DTPA2 between
the calculation methods was 0.08 mM (change from 0.45 to
0.52 mM, between methods (i) and (iv)) in human cartilage.
Discussion
In the present study, quantitative MR parameters of nor-
mal cartilage tissue from three different species were char-
acterized at 9.4 T. Particularly, the MR properties of thesamples were related to mechanical properties of the tis-
sue. Values for the mechanical properties of cartilage
were comparable to those published earlier for similar
tissue of the same species6,8,15,23,24. Signiﬁcant, but com-
plicated relationships were established between T2 and me-
chanical properties depending on the group studied.
dGEMRIC showed no signiﬁcant associations with the me-
chanical properties of the tested patellar samples. Native T1
relaxation time showed a statistically signiﬁcant correlation
with the equilibrium modulus in mature human tissue as
well as with the dynamic modulus in immature porcine tis-
sue. Mature human and immature porcine tissue showed
a signiﬁcant difference in T2 and mechanical parameters.
Earlier, a signiﬁcant correlation between dGEMRIC and
mechanical properties has been established in femoral
and tibial human cartilage23,24, patellar and humeral animal
tissue6,8 and engineered or degenerated tissue5,7,25,26.
Similar to our previous studies with lateroproximal patellar
cartilage of human samples23,27, the present data reveal
a poor correlation between dGEMRIC and mechanical
properties. The mechanical parameters were correlated
with dGEMRIC as both properties have been shown to re-
late closely to tissue PG content6. In a topographical analy-
sis of ovine tibial cartilage, Appleyard and colleagues found
that variation in cartilage mechanical properties was not
consistent with variation in PG content28. Variations in the
collagenous tissue architecture obviously contributed signif-
icantly to differences in the mechanical properties among
human, bovine and porcine cartilage samples. Variations
among different types of tissue are understood as the struc-
tural properties of the collagen network of articular cartilage
may vary even within a single joint surface29. Earlier, we
have found that fetal or immature cartilage with highly com-
plex, multizonal collagen network architecture shows higher
dynamic stiffness, as compared to mature tissue30e32. In
the present study, variations in collagen architecture may
provide the dominant mechanism for accounting for the dif-
ferences in mechanical properties, thereby masking the
positive effect of PGs on compressive stiffness. This would
explain the non-signiﬁcant correlations between dGEMRIC
and mechanical parameters. Further, cellularity of cartilage
tissue, especially in immature tissue, is known to change
from the articular surface towards the deep tissue33,34 and
may possibly bias the dGEMRIC experiment by introducing
a considerable compartment of tissue that lacks the extra-
cellular contrast agent. Although dGEMRIC has been well
established in prior studies, in light of the results of the pres-
ent study, with regard to juvenile tissue, a note of caution is
warranted. It is important to note, however, that this conclu-
sion applies to the association between dGEMRIC and me-
chanical properties, in patellar cartilage, and not necessarily
to the association between dGEMRIC and PG content that
has been established in previous studies5,9.
Numerous studies have shown the connection between
T2 anisotropy and the orientational preference of the colla-
gen ﬁbrils in both human and animal tissue8,12,35e39. AfterTable I
MRI and mechanical parameter values (SD) for different species and pooled data. Only porcine samples show statistically significant
differences as compared to human samples
T1 (ms) T2 (ms) T1Gd (ms) Eeq (MPa) Edyn (MPa)
Human (n¼ 12) 1640 357 37 7 456 68 0.53 0.25 4.47 2.22
Bovine (n¼ 12) 1583 321 41 9 451 83 0.61 0.18 10.00 7.13
Porcine (n¼ 11) 1525 305 50 7** 445 71 0.85 0.25* 16.32 5.18**
Statistically signiﬁcant difference as compared to human: *P< 0.05, **P< 0.01 KruskaleWallis post hoc test.
1145Osteoarthritis and Cartilage Vol. 15, No. 10Table II
Linear correlation coefficients for bulk parameters in different species. Correlation coefficients for Gd-DTPA2 concentration and mechanical
parameters using concentration calculated with method ( i), concentration calculated using full spatial native T1
Human (n¼ 12) Bovine (n¼ 12) Porcine (n¼ 11)
T1Gd T1 T2 [Gdi] T1Gd T1 T2 [Gdi] T1Gd T1 T2 [Gdi]
Eeq 0.169 0.657* 0.712** 0.468 0.232 0.401 0.506 0.318 0.002 0.553 0.163 0.292
Edyn 0.352 0.324 0.476 0.519 0.016 0.146 0.879** 0.121 0.146 0.615* 0.128 0.152
T1 0.264 e 0.565 e 0.727* e
T2 0.112 0.613* e 0.076 0.161 e 0.197 0.218 e
Statistically signiﬁcant correlation: *P< 0.05, **P< 0.01.experimental40,41 or spontaneous8,42 collagen disruption
cartilage T2 values increase and compressive stiffness, par-
ticularly dynamically, decreases leading to a negative corre-
lation between T2 and stiffness. Furthermore, changes in
water content of cartilage tissue, possibly due to degenera-
tion, may be related to the observed T2
43. Consistently, in
our earlier MRI studies, T2 was a predictor of the mechani-
cal properties of human patellar cartilage23,27. Further,
Wayne and colleagues reported a signiﬁcant negative cor-
relation between T2 and aggregate modulus for porcine pa-
tellar cartilage15. Due to the angular dependence of T2, stiff
immature cartilage with multilaminar phenotype can exhibit
higher bulk T2 values than cartilage with three distinct
zones, i.e., Benninghoff arcade structure. In the present
(a)
(b)
Fig. 3. Correlation plots for T2 vs dynamic stiffness (Edyn) and T1
vs equilibrium stiffness (Eeq) in all species combined. Different
species are denoted with symbols (* e human, , e bovine and
B e porcine).study, correspondingly, the heterogeneous material consist-
ing of mature and immature samples with three or more
laminae showed a positive association between bulk T2
and compressive stiffness when all data were pooled
(Fig. 3). Our results show that cartilage composition and
structure, as reﬂected by the MRI, has a complicated rela-
tionship with the characteristics of mechanical performance.
MR and mechanical properties may reveal a signiﬁcant re-
lationship within one stage of maturation but may not neces-
sarily be generalized across different stages. An increase of
bulk T2, related to the additional laminae of elevated T2 in
immature cartilage, may result in relaxation time which
could be erroneously interpreted as degeneration40e42,44.
Therefore, more sophisticated spatial statistical techniques
are required to extract maturation-related information on
cartilage.
In each species, a negative, though not always signiﬁ-
cant, correlation was observed between mechanical proper-
ties and native T1. For the human specimen the correlation
was signiﬁcant for equilibrium stiffness and for the porcine
specimen, in contrast, for dynamic stiffness. Nevertheless,
the indication is that increasing stiffness results in lower
T1 values
6,8. Based on numerous studies, cartilage tissue
with high collagen and PG content, i.e., with high solid frac-
tion, shows high equilibrium stiffness45, and intuitively, such
tissue would exhibit short T1 values due to the combination
of low level of hydration and high solid fraction. This is in
agreement with the generally lower T1 values seen in the
deeper tissue (Fig. 3), where the cartilage is known to be
stiffer46. This, however, is an issue that warrants further re-
search. A negative correlation between T1 and mechanical
properties has been reported for several locations in the hu-
man knee joint23 and for the bovine proximal humerus and
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Fig. 4. Average Gd-DTPA2 concentration (mM) for each species
calculated using four different values for native T1 relaxation time:
(black) single T1 value for cartilage, (dark gray) spatially measured
T1 value for each sample, (light gray) average T1 value for each
sample and (white) average T1 value for each species.
1146 M. J. Nissi et al.: MRI and mechanical properties of cartilagepatellofemoral surfaces6. Except for the combined data
for all locations in the human knee joint, however, none of
these correlations were signiﬁcant23. Furthermore, in a study
by Wayne et al. the native T1 revealed no differences be-
tween normal and collagenase- or chondroitinase-treated
porcine samples15. Although signiﬁcant correlations be-
tween T1 and different properties of articular cartilage
have been established, changes in T1 are not thought to in-
dicate important changes in articular cartilage. So far, one
of the main applications of T1 has been in calculation of
the concentration of the contrast agent5,7.
In this study, four different T1-assumptions were made,
and these minor variations in native T1 value did not affect
signiﬁcantly the calculation of Gd-DTPA2 concentration at
9.4 T. Due to the fact that native T1 relaxation time of artic-
ular cartilage is shorter at lower ﬁeld strengths, T1 is likely to
have a greater impact in the dGEMRIC experiments at
lower ﬁeld strengths, as suggested recently47. Nonetheless,
the shape of the T1 proﬁle varied considerably among the
different groups studied, indicating that T1 depends on the
macromolecular structure of cartilage. Previous reports
have suggested that T1 is relatively constant across the tis-
sue7,48,49, however, this is not supported by the present
results.
In the present study, dGEMRIC and T2 measurements,
conducted on human, bovine and porcine cartilage, re-
vealed complex relationships with respect to tissue
mechanical properties that are likely to be due to the signif-
icant remodelation of the tissue structure and composition
during maturation. T2 has been reported to be sensitive to
the maturational changes in the collagen network20,41, how-
ever, other than bulk metrics are required to successfully re-
late T2 to mechanical properties. dGEMRIC was not
capable of predicting the mechanical properties or their
changes at different stages of maturation in this model. A
limitation of the present study is, that only patellar cartilage
was used. Patellar cartilage is only slightly loaded in com-
pression, however, more shear type of loading may exist
due to sliding motion of patella against femur. Thus repro-
ducing these experiments with other than patellar cartilage
would help in clarifying the role of the techniques at other
joint surfaces important for joint biomechanics. Native T1
appears to play some role in reﬂecting mechanical proper-
ties of cartilage.
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